Here, we present the theoretical analysis of the structural and electronic degrees of freedom of two different oxide/fluoride perovskite superlattices, KTaO3/KZnF3 and KTaO3/KNiF3. Using first-principles calculations, we found the appearance of a two-dimensional electron, 2DEG, and hole, 2DHG, gases as a function of the number of layers of the different pristine materials. We demonstrate that the phonon-dynamics at the KTO/KM F superlattices play a crucial role in the appearance of these effects. Additionally, our results reveal a rather sizeable Rashba-type spinsplitting at these interfaces in comparison to another oxide/oxide counterparts.
INTRODUCTION
Unique electronic properties at oxide/oxide interfaces are accomplished by tuning the ferroic and spin properties of the chosen constituent materials. This optimization is driven by the complex electron-electron interactions in strongly correlated material's interfaces, which gives rise to a broad set of intriguing phenomena [1, 2] . In oxide/oxide interfaces, these phenomena include the appearance of two-dimensional electron gases (2DEG), and its counterpart, two-dimensional hole gases, 2DHG at the oxide insulator/insulator interfaces [3, 4] , exotic electronic states due to strong spin-orbit coupling with an intriguing spin-texture [5] , metal-insulator transitions tunable by electric fields [6] , interfacial magnetic phases [7] , improper ferroelectricity [8] [9] [10] , and multiferroic interactions [11] . While studies of these phenomena have focused only on complex oxide materials, there are strong indications that complex fluorides may have analogous properties with respect to the oxide materials. In particular, our recent computational work on fluoride perovskites (ABF 3 ) indicates that interfaces between ABF 3 and other fluorides, or hybrid systems with isostructural oxide perovskites ABO 3 , have unique advantages in terms of their magnetic, magneto-transport, and multiferroic properties [12] [13] [14] . To date, little experimental and theoretical work has been devoted to fluorides, either in bulk [15] [16] [17] [18] or in thin-films forms [14, 19] and therefore, there is minimal knowledge about their surfaces and interfacial properties [14] . In addition to the studies of bulk fluorides, much less is known about the multifunctional properties of interfaces and surfaces of complex fluorides [14] . By searching in the literature, it can be found that there are just a few reported examples of complex fluorides thin films and the corresponding interface characterization. These include Fe/KFeF 3 bilayers [19] and the trilayered system Fe/KNiF 3 /FeF 2 [20] that has a dynamic and rotatable exchange anisotropy. Such systems exhibit exchange bias, which results in a center shift of the hysteresis loop of the ferromagnetic Fe layer away from H = 0 T. The latter as a result of the magnetic interface interaction with the antiferromagnetic material. Additionally, it has been shown that NaMnF 3 epitaxial thin-films grown onto SrTiO 3 exhibit ferroelectric and magnetic behavior thanks to the fluoroperovskite film [14] .
Recently, several efforts have been dedicated to study and understand mixed systems by considering the effect of oxygen replacement by fluorine ions in oxide perovskites with different stoichiometries. Thus, a process called "fluorination" has been successfully applied to the epitaxial growth of SrFeO 3−x F x (x from 0 to 1) thin films [21] where substantial changes in the electric conductivity and transport properties have been demonstrated. This mainly due to an induced change in the nominal oxidation state of the Fe cation. Then, and even more surprising, multifunctional properties such as superconductivity in Sr 2 CuO 2 F 2+δ [22] , ionic conductivity at BaFeF x O 3−δ [23] , and robust antiferromagnetism in Ba 0.8 Sr 0.2 FeF x O 3−δ [24] can be tuned and/or modified in fluorinated oxides -also called oxyfluorides-.
On the other hand, mixed SrTiO 3 and KAgF 3 , AgF 2 interfaces were theoretically proposed where, superconducting behavior has been predicted [25, 26] . Thus, oxyfluoride materials have been highlighted as materials with potential applications in the next-generation rechargeable batteries, with enhanced properties compared to their oxide counterparts [27] . Moreover, a geometrically-driven ferroelectric instability [12] was stabilized under strain in the NaMnF 3 fluoride thin-films epitaxially grown on SrTiO 3 [13, 14] as commented before. Besides, heteroanionic materials (i.e., oxyfluorides, oxynitrides, and oxysulfides) are recently on the focus of debate due to their potential applications in novel materials by design [28] [29] [30] . In general, these results make of these systems an appealing field with high potential, but still weakly explored.
In this paper, we report a first-principles investigation of fluoride/oxide perovskite interfaces and superlattices of KTaO 3 /KM F 3 (M = Zn and Ni) compositions. After full geometric and electronic optimization, we demonstrate the appearance of a 2DEG and 2DHG. Also, the analysis of their properties in terms of an electrostatic model, across the oxyfluoride superlattices, are presented. The latter, followed by the analysis of the magnetic structure for M = Ni. Finally, a Rashba-type spin-splitting at the interface is examined and discussed. With this study, we hope to lead to novel strategies for searching new and complex perovskite-based oxyfluoride heterostructures.
COMPUTATIONAL DETAILS
We performed first-principles calculations within the density-functional theory, DFT [31, 32] , as implemented in the Vienna Ab-initio Simulation Package (vasp 5.3.3) [33, 34] . We used projected augmented wave (PAW) method [35] to represent the valence and core electrons. The electronic configurations taken into account as valence electrons were: K (3p 6 4s 1 , version 17Jan2003), Ta (5p 6 5d 5 6s 2 , version 07Sep2000), Zn (3d 10 4s 2 , version 06Sep2000), Ni (3p 6 3d 8 4s 2 , version 06Sep2000), F (2s 2 2p 5 , version 08Apr2002), and O (2s 2 2p 4 , version 08Apr2002). The exchange-correlation was represented within the generalized gradient approximation (GGA) with the PBEsol flavor [36] . This has been proven to be one of the most accurate XC functional for treating oxyfluoride compounds [37] . The magnetic character was considered, and the d-electrons were corrected by means of the DFT+U within the Liechtenstein formalism [38] . The U value was found by fitting the electronic gap and the magnetic moment with respect to those obtained by HSE06 hybrid-functionals [39, 40] in the 1/1 superlattice. The periodic solution of these crystalline structures was represented by using Bloch states with a Γ-centered k -point mesh of 6×6×x (x dependent on the c parameter of the supercell) and 700 eV energy cut-off, which has been tested already to give forces convergence to less than 0.001 eV·Å −1 . Spin-orbit coupling, SOC, was included such that its effect into the electronic structure could be analyzed [41] . Born effective charges and phonon calculations were performed within the density functional perturbation theory (DFPT) [42] as implemented in the vasp code and analyzed through the Phonopy interface [43] .
To perform calculations based-on hybrid functionals for large supercells (above 2/2 ratio), and to correlate the results of the electronic structure with the DFT+U results obtained with the vasp code, we have used the linear combination of atomic orbitals (LCAO) based crystal code [44] . This code uses a Gaussian-type basis set to expand the Kohn-Sham orbitals, including polarization effects, with the advantage of a smaller basis set is required. Additionally, all the electrons were included in K, Ni, Zn, O, and F, while for the Ta case, it was used a pseudopotential method. For the exchange-correlations term, the hybrid functionals taken into account are the B1WC [45] , B3LYP [46, 47] , and PBEsol0 (derived from the PBE0 functional and based-on the PBEsol approximation) [48] all of them with a 16%, 20%, and 25% of exact exchange-correlation term respectively. The latter in order to investigate the correlation and functionals' effect into the calculations.
RESULTS AND DISCUSSION
In what follows, we discuss the appearance of 2DEG and 2DHG at the KTaO 3 /KM F 3 (M = Zn and Ni) oxyfluorides interfaces, the magnetic structure when M = Ni and finally, the Rashba spin-splitting at the bands' interface.
2DEG and 2DHG at the interfaces:
At the bulk level, KTaO 3 (a= 3.989 Å) and KM F 3 (M = Zn and Ni with a = 4.055 Å and 4.012 Å respectively) are insulator perovskites that belong to the cubic P m3m symmetry [49] [50] [51] [52] . We studied the superlattices (KTaO 3 ) n /(KM F 3 ) n , where n is the number of atomic layers (in unit cells, u.c.) in each compound. To do so, we considered n values ranging from 1 u.c. to 8 u.c. The in-plane lattice parameter was set to 4.022 Å (4.001 Å) for the KTO/KZF (KTO/KNF) superlattice. These values correspond to the averaged bulk values between KTO/KZF and KTO/KNF. Such in-plane values represent a strain of +0.84% and −0.81% for the KTO and KZF at the KTO/KZF superlattice and +0.30% and −0.27% for the KTO and KNF at the KTO/KNF.
The superlattice structure for the n = 7 u.c. is schematically shown in Fig. 1a with M = Zn. Here, due to the unbalanced charge at the Zn
interfaces, an alternating n-and ptype interfaces can be appreciated. After full atomic and electronic relaxation, we observed that the K-K distance, (i.e., equivalent to the lattice parameter c i in which, i is the layer index) is c 1 = 4.135 Å, close to the ZnF 2 /KO interface. Then, for the rest of the KTO layers, from 2
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Zn +2 F2 -1 /K +1 O -2 p-type u.c. to 6 u.c., the c 2−6 is equal to 4.060 Å. Close to the TaO 2 /KF interface we have c 7 = 4.231 Å. As expected, the K-K distance for KTO at the interfaces is larger, mainly due to the O-Ta-F bonding. Interestingly, in the rest of the material, the c parameter represents a xyplane expansion strain, when compared to the in-plane lattice of a = 4.022 Å. We observe the same behavior for the KZF compound with c 8 = 4.118 Å, c 9−15 = 4.110 Å, and c 16 = 3.897 Å. The latter lattice parameter is explained in terms of the additional contraction of the Zn-octahedra due to the F-Zn-O bonding. When looking and analyzing the electronic structure, as anticipated from the "polar catastrophe" scenario, an insulator-tometal transition, IMT, as a function of the number of layers takes place [53] , (see the layered-resolved DOS also in Fig. 1b) . Consequently, we found the formation of the 2DEG and 2DHG in the KTaO 3 /KM F 3 superlattices induced by the local electronic reconstruction for thicknesses n > 6 u.c. [53] .
This phenomenon occurred mainly due to the electrons and holes donated by each layer at the interface. The latter charge transfer is a consequence of the compensation of the electrostatic potential generated by the additional electrons in the system due to the charged layers in KTO. Added to the polar catastrophe phenomena, we could expect that the inhomogeneous charge distribution along the O-B-F bonding would have a contribution to the electronic reconstruction process. It is important to note that the ITM transition in oxyfluoride superlattices, at 6/6 ratio, is achieved with less polar/non-polar layers than in oxides systems such as LaAlO 3 /SrTiO 3 in which, the IMT is observed for values above the 8/8 ratio [53] . Another point that is important to highlight (see Fig. 1b ) is that both 2DEG and 2DHG, are mostly localized at the 5d xy -Ta and 2p-O orbitals, respectively. Thus, the fluoride bands do not have a contribution close to the Fermi energy in the electronic structure, and the electrons and holes are localized only in the oxide film. Therefore, we believe that the fluoroperovskite film is acting as a "condensing" layer retaining the 2DEG and 2DHG at the oxide layers.
Additionally, from the electrostatic point-of-view, a larger electric field across the entire system is found in both cases, in comparison to the LAO/STO oxide/oxide counterpart. For example, from the DOS analysis we found that when M = Zn: E = 105 mV·Å −1 (and E = 98 mV·Å −1 when M = Ni) against E = 58 mV·Å
at LAO/STO [53] this before the Zener breakdown. In the oxyfluoride superlattices, the same value of the electric field was obtained from the DFT computed electrostatic potential (in Fig. 1c ) calculated along the z-axis.
Here, a zig-zag profile is observed as expected for alternating n-and p-type interfaces. It worth mentioning that the thickness superlattice ratio experimentally expected for the Zener breakdown should be larger, close to 9/9. This due to the well-known DFT underestimation of the bandgap energy, which, in the KTaO 3 , predicts 2.2 eV against 3.64 eV measured value [54] .
At the metallic interface, we observe that the effective masses in both M = Zn and Ni cases are close to 0.3m e for the electrons at the 2DEG that lies in the lowest 5d xy :Ta band. In contrast, heavier hole carriers with m * of 1.1m e are found to be localized at the 2p-O at KO layer. Thus, in the 2DEG at the oxyfluoride superlattices, we have highly mobile carriers lighter than the ones reported in SrTiO 3 /LaAlO 3 [53] .
In order to better explain the emergence of the 2DEG (2DHG) at the TaO 2 /KF (ZnF 2 /KO) interface, we applied an electrostatic model equivalent to the charged plates approach described in Ref [53] . First, let us define the total polarization in each compound as the sum of the initial (i.e., in zero field, P 0 i ) polarization and the induced one (i.e P = 0 χ i E i ) by the effect of an applied electric field as follows:
where the index i = 1 and 2 stands for KTO and KZF materials respectively. Here, 0 is the vacuum dielectric permittivity, χ i , and E i are the dielectric susceptibility and electric field for each material, respectively. Now, considering short-circuit boundary conditions (i.e.,
where L 1 and L 2 are the KTO and KZF thicknesses) and the continuity of the displacement field vector, D i , at the interface (i.e., 0 E 1 +P 1 = 0 E 2 +P 2 ) we have:
here, 1 and 2 are the dielectric constants for the KTO and KZF bulk compounds. Then, obtaining the polarization and dielectric constants of the materials at zero field and, at the bulk level, the electric field developed could be computed at the superlattice arrangement. In the KZF case, we found that P 0 2 = 0. Meanwhile for KTO, in addition to the polarization induced by the charged layers (i.e., e/2·Θ, where Θ is the unit-cell area), under biaxial strain conditions, this compound is expected to exhibit a paraelectric-to-ferroelectric transition due to its incipient-ferroelectric character [55] . Thus, the initial polarization is P 0 1 = (e/2·Θ + P
KT O s
). However, the direction of such polarization will be strongly influenced by the character and value at a given strain. Therefore, we considered three different cases, as follows:
Case 1: Paraelectric KTO. Here, the superlattice xy strain is imposed on the KTO bulk material, but, the paraelectric phase is still considered. Here, the computed
Case 2: Ferroelectric KTO, Bulk material relaxed under xy-strain → P s = P xy . Similar as in the previous case, but the xy polarization is allowed to relaxed (Amm2 phase). Nevertheless, along the z-axis the P Case 3: Ferroelectric KTO, Bulk material under the superlattice volume → P s = P z . Here, the lattice volume obtained in the superlattice, for the middle KTO, is fixed to the bulk calculations (i.e a = b = 4.022 Å and c = 4.060 Å). Here, the c-lattice is larger than the imposed ab-plane, and therefore, a spontaneous polarization is developed along the z-axis (P 4mm phase). We found that the polarization along z is P was obtained by means of the Berry-phase approach [56] . These values are close to half from those obtained from the electric field computed from the DOS and the ab-initio electrostatic potential. In the following, we explain the source of the disagreement.
As it is well-known, and commented before, in bulk KTaO 3 the epitaxial strain can induce a stable ferroelectric state in agreement with its incipient-ferroelectric character. Nonetheless, the character of such state and polarization is determined by the nature of such strain. If the xy-plane biaxial strain is of expansion character, a 2-fold degenerated unstable polar phonon mode is observed at the Γ-point and an Amm2 ferroelectric ground state is achieved. In this phase, P s is pointing toward the [110] direction. When compressive epitaxial xy-strain is applied, a single polar phonon mode along the z-axis becomes unstable, which drives the system to a P 4mm ferroelectric ground state. Thus, under the in-plane expansion strain conditions in the KTO/KM F superlattices, an Amm2 ground state should be expected, and no traces of polarization should appear along the z-axis. Nevertheless and, as expected in dielectrics and ferroelectrics, the electric field might induces an expansion in the material that can renormalize its vibrational modes dynamics. Then, with the aim to explore how the internal electric field affects KTO, in Fig. 2a we show the c-lattice parameter expansion as a function of the applied electric field in the same direction. This electric field is applied by keeping the xy-plane lattice parameters constant to the superlattice value and allowing only the z-axis and internal coordinates to relax. As one can observe, the c-lattice parameter experiences an expansion up to 1.4% when the field is close to 200 mV·Å −1 in agreement with the electrostriction phenomenon of the material.
On the second panel, Fig. 2b , we show the ω x =ω y and ω z unstable frequencies when expanding the c-lattice parameter of KTO. Interestingly, at the relaxed strain values, only the xy modes are unstable suggesting the Amm2 phase in KTaO 3 , as expected. However, when the c-lattice parameter is expanded (at larger values than the in-plane parameters, corresponding to strains above 0.90 %), the polar-instability along the z-axis becomes stronger. This suggests that the P 4mm is the new ground state and therefore, switching of the polarization's direction occurs. The latter is the case of KTO, where, accordingly to our calculations, an expansion of ≈ 0.85% can be obtained at an applied electric field E z = 100 mV·Å −1 , as shown in Fig. 2a . At the oxyfluoride superlattice configuration, the KTO has a tetragonallity ratio of c/a > 1, and therefore, the P
is flipped towards the z-axis. This observation could explain the disagreement between the results obtained from the computed electrostatic potential and its estimation through the electrostatic model when is applied to this system. Therefore, we conclude that the vibrational dynamics at the superlattices cannot be captured by the electrostatic model only based-on the bulk parameters.
Such type of expansion has also been observed at the SrTiO 3 /LaAlO 3 interface and it has been explained in terms of the electrostriction of the LaAlO 3 compound [57] . Moreover, our reported behavior of the phonons, between bulk and superlattices, have been also highlighted in the BaTiO 3 /BaO superlattices [58] . Additionally, the Born effective charges, Z * , of strained bulk KTO and at the KTO middle-layer of the 7/7 superlattice, are presented in Table I . Here, it can be appreciated that the Z * T a along z differs by almost 4 e − when compare the strained-bulk and the KTO at the superlattices. The latter finding is also suggesting a different dynamics between the bulk?s and superlattice?s eigendisplacements in relation to their phonon-modes. We also analyzed the magnetic behavior of the oxyfluoride interfaces when M = Ni. In bulk, KNiF 3 shows a G-type AFM ordering with a Néel temperature of 275 K [51] .Similarly, as it was done in the M = Zn case, we studied the superlattices' thickness from 1/1 to 8/8 u.c.
Initially, several magnetic orderings were tested, G-AFM, C-AFM, A-AFM, FM, and mixed G-AFM+FM layer (the FM configuration at the NiF 2 immediately after the TaO 2 /KF interface and at the NiF 2 /KO layers). According to our calculations, based-on hybridfunctionals performed with the crystal code, the ground-state magnetic ordering is always G-type AFM in the KNiF 3 film. These results are in full agreement with those obtained within the GGA+U approximation for U values above 6.0 eV with the vasp code. However, it is essential to mention that the mixed G-AFM+FM-layer state, (with the FM layer close to the NiF 2 /KO interface), is very close in energy to the G-AFM ground state with ∆E = 0.73 meV·atom −1 . The G-AFM+FM magnetic state is even closer than other magnetic states such as the A-AFM and C-AFM. Moreover, we also found a weak magnetic moment of m = 0.012 µ B ·atom −1 localized on the Ta cations. These moments are following an FM interaction along z-axis with respect to the Ni sites (m = 1.764 µ B ·atom −1 ) in agreement with a Ni +2 oxidation state. The latter is explained by the strongest FM interaction between half-occupied 3d-Ni:e g and the empty 5d-Ta:t 2g [59] rather than an AFM interaction driven by the super-exchange interaction between the Ni-O-Ta or Ta-F-Ni bonding.
Interestingly enough, there is a magnetic-moment modulation, of ∆m = 0.04 µ B ·atom −1 between layers. This modulation observed across the entire thickness of the magnetic slab of the heterostructure in all the calculated superlattices.
Cubic-Rashba spin-splitting at oxyfluoride interface:
Recently, the appearance of spin-splitting followed by a complex spin-texture related to a Rashba-effect [60] was reported to be attained at oxide interfaces such as SrTiO 3 /LaAlO 3 [5, [61] [62] [63] . Moreover, some reports have shown similar behavior in SrTiO 3 -and KTaO 3 -based transistors [64, 65] . In these single perovskite-based devices, a k-cubic dependence of the splitting was observed (see Eq. 4) in contrast to the linear plus cubic dependence of the normal Rashba splitting occurring at LaAlO 3 /SrTiO 3 interface, and mainly due to the d xy -d xz/yz multiorbital nature of the lowest bands [62] . Additionally, in the case of Au(111) metal surface, it has been shown that even when the surface states exhibit mainly p-orbital character, the d-orbitals drives the Rashba splitting and dictates the direction of the spin by means of the orbital-angular momentum (OAM) [66, 67] .
Therefore, the transition metal d-orbitals at perovskite structures hold the key for a large and controllable electron band splitting with potential applications in future spintronic and spin-orbitronic devices [66, 69] . This latter property gives an additional degree of freedom to the already rich field of multifunctional perovskites.
In order to look for the spin-texture and spin-orbit coupling (SOC) effects in the oxyfluoride interfaces, the analysis of the electronic structure is done by taking into account the SOC. Due to the large computational cost, the study of the bands was performed up to the 4/4 superlattice within the vasp code and analyzed by using the PyProcar package [68] . These results can be traced up to the 7/7 system where, the 2DEG and 2DHG are formed, and the IMT takes place as shown previously. Thus, the results presented here can be extrapolated to larger n/l superlattices.
In Fig. 3 we can observe the electronic band structure along the k x path where the s x , s y , and s z spin components are presented separately and a color notation for the majority (red) and minority (blue) spin orientation is adopted. First, it can be noted that the electronic structure and the spin-texture at the conduction bands above of the Fermi level (and thus, close to the TaO 2 /KF interface of the 7/7) are entirely 2D spin-polarized at the k x -k y plane. Therefore, no band-dispersion is observed for the s z spin component. Surprisingly, a large spinsplitting of the bands is appreciated at the energy around 2.0 eV with respect to the Fermi energy. Additionally, the SOC effect is observed at the heavy d xz/yz crossing with the d xy lighter bands (see the upper inset in Fig. 3) .
The observed Rashba splitting is of the cubic-type character as observed in oxide surfaces, and interfaces and it is expressed by the Hamiltonian presented in Eq. 4:
where α 3 is the cubic-Rashba coupling term which measures the strength of the splitting (in units of eV· 3 ), σ ± = 1/2(σ x ± iσ y ) and σ x,y are the Pauli matrices. The E z is the electric field perpendicular to the electron's plane movement denoted by k ± = (k x ± ik y ) [64] . Here, the E vs. k profile for the bands is represented by the relationship:
This type of spin-splitting can be understood like an opposite rotation of the lowest spin-up band with respect of the spin-down around an axis fixed at the vertices of the parabolic d-bands. This is in contrast with the linear horizontal displacement (or offset) of the spin-up and spin-down bands respectively observed in the most common linear-Rashba effect [70] present in materials such as BiTeI [71] .
To obtain an idea of the order of magnitude of the spin-splitting, we compare it with other perovskite-based systems as follows. At the energy value of 2.0 eV we found that ∆k = 0.044 Å −1 which is more than twice of the one found at the KTaO 3 -based transistor (i.e., Au/paryleneAl/KTaO 3 ) [72] . Besides, the vertical energy difference between the up-and down-spins is ∆E = 64 meV at the same bands as shown in Fig. 3 . To compare with oxide/oxide interface, we computed the spin-texture of the SrTiO 3 /LaAlO 3 system under the same conditions in a 4/4 superlattice (not shown here). We found that ∆k = 0.011 Å −1 and a ∆E = 11 meV. Then, this spinsplitting is four-times smaller in comparison to 0.044 Å −1 and 64 meV at the oxyfluoride interface.
To go deeper into the analysis, we first computed the spontaneous polarization, which is directly related to the electric field E z in Eq. 4. The layer-by-layer polarization is reported in Table II . It is observed that the polarization is in average close to −2.8 µC·cm −2 per KTO layer. For this case, n = l = 4, the total polarization is −11.14 µC·cm −2 at the oxide side. Moreover, the polarization is in the opposite direction of the fluoride layer with a value of +5.35 µC·cm −2 . Then, at the end, a total polarization of −5.79 µC·cm −2 is still present along the entire superlattice structure. This significant difference suggests that the depolarizing field is not enough to compensate for the polarization along the entire supercell. Besides, the opposite directions of the polarizations is explained in the breaking of symmetry due to the O-M-F bonding along z.
Therefore, by increasing the number layers (i.e., the n/l ratio), the KTaO 3 polarization will increase and then, it is expected that the spin-splitting will increase directly in agreement with Eq. 4. Ultimately, it is important to note that the SOC in the Ta is at least 11 times larger than the one in the Ti cation. This can be taken as an advantage in the mixed oxide/fluoride interfaces due to the large lattice parameters of the fluorides perovskites that allows the incorporation of bigger perovskite oxides with 4d and 5d orbitals in novel superlattices and interfaces with mixed properties.
From the magnetic KTaO 3 /KNiF 3 superlattice, we noticed that the same spin-texture remains at the TaO 2 /KO. Nonetheless, the spin-texture is becoming more complicated due to the overlapping of the 5d:Ta band with the unoccupied 3d(e g ):Ni states above the Fermi level. It is essential to take advantage of the fact that the magnetic properties can be conserved in KNiF 3 . Then, mixed multifunctional properties of 2DEG+2DHG+k 3 -Rashba-splitting+G-AFM could be condensed in the same heterostructure, and then, other possible properties can be engineered in such systems which worth to be investigated in future works.
Moreover, it worth noticing that the relevance of the k 3 -Rashba dependence has been highlighted in the field of multifunctional properties based on the significant difference in the effective field symmetry between the k-linear and the k 3 Rashba. Thus, the k 3 symmetry influences all of the SOC related phenomena in materials, which, is not the case of the k-linear Rashba term. For example, in case of the spin Hall effect, it has been predicted that the k-cubic Rashba term can give rise to a more significant spin Hall conductivity [73, 74] .
Finally, in this system, the possible tuning of the energy position of the 5d:Ta bands with respect to the Fermi energy, by controlling the n/l ratio, stand as an additional feature of these systems. Therefore, the amount of splitting and consequently, the spin-transport properties can be tuned as well, which makes this type of interfaces even more appealing.
CONCLUSIONS:
We have analyzed employing the first-principles calculations the electronic and structural properties of oxyfluorides (KTaO 3 ) n /(KM F 3 ) l M = Zn and Ni interfaces. We found that the polar catastrophe phenomenon takes place in these oxyfluoride interfaces. However, we found that the critical thickness for the appearance of 2DEG is obtained for a lower number of atomic layers than the LAO/STO oxide/oxide superlattices. The electron or hole gas is mostly constrained into the oxide part of the heterostructure. We also observed that the magnetism in the KTaO 3 /KNiF 3 exhibits a moment magnitude modulation but keeping on average the bulk G-type AFM. Surprisingly, we observed a large k
